The rodent malaria parasite Plasmodium berghei is a practical model organism for experimental studies of human malaria. Plasmepsins are a class of aspartic proteinase isoforms that exert multiple pathological effects in malaria parasites. Plasmepsins residing in the food vacuole (FV) of the parasite hydrolyze hemoglobin in red blood cells. In this study, we cloned PbPM4, the FV plasmepsin gene of P. berghei that encoded an N-terminally truncated pro-segment and the mature enzyme from genomic DNA. We over-expressed this PbPM4 zymogen as inclusion bodies (IB) in Escherichia coli, and purified the protein following in vitro IB refolding. Auto-maturation of the PbPM4 zymogen to mature enzyme was carried out at pH 4.5, 5.0, and 5.5. Interestingly, we found that the PbPM4 zymogen exhibited catalytic activity regardless of the presence of the pro-segment. We determined the optimal catalytic conditions for PbPM4 and studied enzyme kinetics on substrates and inhibitors of aspartic proteinases. Using combinatorial chemistry-based peptide libraries, we studied the active site preferences of PbPM4 at subsites S1, S2, S3, S1', S2' and S3'. Based on these results, we designed and synthesized a selective peptidomimetic compound and tested its inhibition of PbPM4, seven FV plasmepsins from human malaria parasites, and human cathepsin D (hcatD). We showed that this compound exhibited a >10-fold selectivity to PbPM4 and human malaria parasite plasmepsin 4 orthologs versus hcatD. Data from this study furthesr our understanding of enzymatic characteristics of the plasmepsin family and provides leads for anti-malarial drug design.
Introduction
Plasmodium berghei is one of the four malaria parasite species that infect rodents [1] . Despite their phylogenetic distance [2] , the murine parasites seem to share many biological characteristics with the human species [3] [4] [5] . In vitro conditions for continuous cultivation of both P. berghei and P. falciparum, the most deadly human malaria parasite species, have been well developed [6] [7] [8] [9] , allowing direct comparison of drug susceptibility of the two species. Indeed, cultured P. berghei and P. berghei-infected mice have served as widely used models for antimalarial drug screening and development of vaccines against malaria [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Plasmepsins are a class of aspartic proteinases that function in different stages of the life cycle of the malaria parasite Plasmodium spp. [21] [22] [23] [24] [25] [26] [27] [28] . Genomic analyses of seven human and murine parasites, including P. berghei, result in identification of seven groups of plasmepsins [29, 30] . One group of plasmepsins function in the food vacuole (FV), a parasite organelle of acidic pH, and are therefore known as FV plasmepsins. The major role of FV plasmepsins involves hydrolyzing hemoglobin, the major cytosolic protein of erythrocytes of vertebrate hosts, to peptides [21] . Plasmepsin-mediated hemoglobin catabolism may provide nutrients [31, 32] , maintain osmotic balance [33] , and/or make space for the development and growth of the parasites [34] . While four FV plasmepsin genes cluster on the chromosome 14 of P. falciparum, encoding PfPM1, 2, 4 and a histo-aspartic proteinase, PfHAP, there is only one identified FV plasmepsin thus far in each of the other three human malaria parasites: PvPM4 of P. vivax, PoPM4 of P. ovalae and PmPM4 of P. malariae [30] .
Comparative genomics analyses indicate that in P. berghei, one plasmepsin gene, PbPM4, shares the highest sequence identity with the FV plasmepsins of human-infecting Plasmodium spp. [30] . Located on chromosome 10, PbPM4 encodes a single polypeptide of 450 amino acids in length comprising an N-terminal 124 amino-acid-long pro-segment and the mature enzyme (S1 Fig) [29, 30] . A growing body of evidence showed that PbPM4 plays a critical role in rodent malaria pathogenesis in that PbPM4-knockout (KO) P. berghei manifests attenuated virulence and induces protective immunity in the host against wild-type parasites [35] [36] [37] .
Enzymatic and structural characterization of FV plasmepsins often relied on recombinant expression of truncated zymogen forms lacking a putative trans-membrane motif residing at the N-terminus of the pro-segment, whose presence is typically associated with lower protein yields in Escherichia coli, possibly due to its toxicity to the cell [38] [39] [40] . In this study, we first cloned, expressed, purified and enzymatically characterized a recombinant, N-terminally truncated zymogen form of PbPM4 lacking the potential trans-membrane motif. In particular, we showed that this semi-proPbPM4 exhibited catalytic activity even in the presence of a shortened, 48 amino acid-long pro-segment. We identified the optimal catalytic conditions for both zymogen and mature enzyme, and determined kinetic parameters of PbPM4 on varying peptide substrates and inhibitors. Next, we investigated the primary subsite preferences of PbPM4 at S1 and S1', and the secondary subsite preferences at S3, S2, S2' and S3', using two sets of combinatorial peptide libraries. Based on the results here and previous studies [41, 42] , we designed a peptidomimetic inhibitor with selectivity to PbPM4 versus the homologous human aspartic proteinase cathepsin D (hcatD). We then synthesized this compound (compound 1), determined its inhibitory effects on PbPM4 and hcatD as well as six FV plasmepsins from four human malaria parasites, and showed that compound 1 had a >10-fold selectivity to PbPM4 and the four plasmepsin 4 homologs of human malaria parasites versus hcatD. Results from this study extend our understanding of active site preferences of the plasmepsin family and offer clues to future anti-malarial drug design.
Materials and Methods Cloning
The sequence encoding the C-terminal 48 amino acid residues of the pro-segment plus the 326 amino acid-long mature enzyme was cloned from P. berghei ANKA strain genomic DNA. The 1.1 kb DNA fragment was amplified by polymerase chain reaction (PCR) using the primers 5'-CCGGAATTCGGATCCGAATATTTAACAATTCG-3' (forward), and 5'-CCGGAATTCGGATCCTTAGTTTTTTGCAACTGCAAAAAC-3' (reverse). The purified PCR product was inserted into the BamHI cloning site of the pET-3a expression vector (69418; EMD Millipore, Billerica, MA), and its sequence was verified by DNA sequencing analysis (Interdisciplinary Center for Biotechnology Research, University of Florida, Gainesville, Florida). The construct was transformed into BL21 Star (DE3) pLysS E. coli expression cell line (C6020-03; Invitrogen, Carlsbad, CA).
Expression and inclusion body preparation
BL21 Star (DE3) pLysS E. coli cells harboring the semi-proPbPM4-pET-3a construct were inoculated into Luria Broth media containing 34 μg/mL chloramphenicol and 50 μg/mL ampicillin. Cells were grown at 37°C with a shaking speed of 250 rpm until A 600 reached 0.6. Isopropyl β-D-1-thiogalactopyranoside (IPTG) at the final concentration of 1 mM was introduced to cell culture to induce protein expression.
Cell culture was harvested after 3 hr by centrifugation at 4°C, 13,000 g, for 15 min. E. coli cells were resuspended in ice-cold buffer A (10 mM Tris-HCl, pH8.0; 20 mM magnesium chloride; 5 mM calcium chloride), and lysed by French pressure cell press under 12,000 psi. Inclusion bodies obtained from cell lysate were further purified using the methods previously described for the purification of other plasmepsins [43, 44] . Briefly, a final concentration of 80 Kunitz units/mL of DNase I (M0303S; New England BioLabs, Ipswich, MA) was added to the lysate and incubated at room temperature for 15 min. Five to 10 mL of cell lysate was layered over 10 mL of 27% (w/v) sucrose and centrifuged at 12,000 g, 4°C, for 45 min. The pellet was resuspended in buffer 2 (10 mM Tris-HCl, pH 8.0; 1 mM ethylenediaminetetraacetic acid (EDTA); 2 mM β-mercaptoethanol; 100 mM sodium chloride), and 5-10 mL of the resuspension was layered over 10 mL of 27% (w/v) sucrose, and centrifuged at 12,000 g, 4°C, for 45 min. The pellet was then resuspended in buffer 3 (50 mM Tris-HCl, pH 8.0; 5 mM EDTA; 2.5 mM β-mercaptoethanol; 0.5% (v/v) Triton-X-100), and centrifuged at 12,000 g, 4°C, for 15 min. The resulting pellets were washed with buffer 4 (50 mM Tris-HCl, pH 8.0; 5 mM EDTA; 2.5 mM β-mercaptoethanol), and harvested by centrifugation at 12,000 g, 4°C, for 15 min. The purified inclusion bodies were resuspended in buffer 5 (10 mM Tris-HCl, pH 8.0; 1 mM EDTA) to a final concentration of 100 mg/mL, and stored at -80°C.
Refolding and purification
In vitro protein refolding and subsequent purification were performed following the experimental procedures previously described [42] . Briefly, inclusion bodies, after thawing on ice, were resuspended and added dropwise to a freshly prepared denaturation buffer (deionized 6 M urea; 50 mM sodium phosphate, pH 8.5; 500 mM sodium chloride). Protein was denatured at room temperature for 2 hr with a Teflon-coated bar stirring at 90 rpm. Any undissolved material was removed by centrifugation at 13,000 g, 4°C for 30 min, and the supernatant was filtered through a 0.22 μm filter. The filtered supernatant was dialyzed against 20 mM Tris-HCl, pH 8.0 at 4°C. The dialysis buffer was changed every 6 hr three more times. The resulting dialysate was centrifuged at 13,000 g, 4°C for 30 min, and filtered through a 0.22 μm membrane to remove any precipitates.
The semi-proPbPM4 was initially purified from the soluble dialysate using a HiTrap Q HP 5 mL anion exchange column (17-1154-01; GE healthcare, Pittsburgh, PA). Briefly, the column was first equilibrated with elution buffer A (20 mM Tris-HCl, pH 8.0), then elution buffer B (20 mM Tris-HCl, pH 8.0; 500 mM sodium chloride), and then buffer A. The dialysate was then loaded onto the column, washed with elution buffer A, and the protein was subsequently eluted with a gradient of 0-500 mM sodium chloride. The protein concentration and catalytic activity of each fraction were tested using a Cary 50 Bio UV-Visible spectrophotometer (Agilent Technologies, Foster City, CA). Protein concentration was measured using OD 280 . The catalytic activity assay was carried out at 37°C by pre-incubating protein in 100 mM sodium citrate, pH 5.0 for 5 min, then mixing with 40 μM of a chromogenic peptide substrate: Lys-Pro-Ile-Leu-Phe Ã NphArg-Leu (Nph = para-nitrophenylalanine and Ã represents the bond where cleavage occurs), and immediately measuring the initial cleavage velocity. The OD 280 and catalytic activity peaks overlapped at the elution peak corresponding to a sodium chloride concentration of 300 mM. The final step of protein purification was carried out using size exclusion chromatography. The peak fractions from anion exchange chromatography were pooled and concentrated using Vivaspin 15R centrifugal concentrators (MWCO = 5 kDa, VIVASCIENCE, Littleton, MA) until OD 280 reached 1.5. The concentrated samples were centrifuged at 24,000 g, 4°C for 10 min to remove any precipitates. Three mL of the concentrated sample were injected into a HiLoad 16/60 Superdex 75 column (17-1068-01, GE healthcare). The protein concentration and catalytic activity of each fraction were tested as described above. Fractions comprised of the catalytic activity peak were pooled and stored at 4°C.
Auto-maturation and catalysis optimization
For auto-maturation, a purified recombinant semi-proPbPM4 sample was evenly allocated into six aliquots, and each aliquot was incubated at 37°C with one of the following 500 mM acidic buffers of one fifth its volume: sodium formate, pH 3.5; sodium formate, pH 4.0; sodium acetate, pH 4.5; sodium citrate, pH 5.0; sodium citrate, pH 5.5; and sodium phosphate, pH 6.0. For all the six conditions, an equal volume of sample was withdrawn at each of the following designated incubation time periods: 0, 5, 10, 30, 60, 120, 240, 480 min and overnight. Into each of the withdrawn samples 5× Laemmli sample buffer (500 mM Tris-HCl, pH 8.0; 8% (w/v) sodium dodecyl sulfate (SDS); 0.01% (w/v) Coomassie brilliant blue, 0.1% (v/v) phenol red; 25% (v/v) glycerol; 5% (v/v) β-mercaptoethanol) was immediately added, and the resulting sample was then boiled for 10 min. The auto-maturation of zymogen to mature enzyme was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE).
For determining the optimal catalytic conditions, purified semi-proPbPM4 was treated similarly as described above. Each withdrawn sample, in this case, was immediately mixed with 100 μM of the peptide substrate Lys-Pro-Ile-Leu-Phe Ã Nph-Arg-Leu. The initial cleavage velocities were measured on a Cary 50 Bio UV-Visible spectrophotometer, and were normalized to the highest enzymatic cleavage velocity of all the tested reactions, which was set to 100 percent. Assays at each time period were performed three times, from which the mean and standard error of the mean (SEM) were determined. The combined pH and incubation time that allowed the enzyme to show the highest catalytic activity was defined as the optimal catalytic conditions.
N-terminal sequencing analysis
Protein samples were electrophoresed on a 10% Tris-Tricine polyacrylamide gel, and were then transferred onto a polyvinylidene difluoride membrane using transfer buffer: 10 mM MES, pH 6.0, plus 20% methanol, under the following settings: 90 volts (constant), room temperature, 2 hr. The N-terminal amino acid sequencing analyses were performed based on the Edman degradation method [45] using an Applied Biosystems 470A protein sequencer at the Protein Chemistry Core Facility, University of Florida, Gainesville, Florida.
Kinetic analysis
Substrate, inhibitor and enzyme preparation. Chromogenic peptide substrates were dissolved in a solution containing 20% dimethyl sulfoxide (DMSO), 10% formic acid, and 70% distilled deionized water to generate stock solutions. Inhibitor stock solutions were prepared in 100% DMSO. The concentrations of the stock solutions were determined by amino acid analysis [46] .
Kinetic assays were set up in 500 mM sodium citrate, pH 5.0 at 37°C with a 5-min pre-equilibrium time with buffer. To study kinetics of the zymogen form, assays were set up in 500 mM sodium citrate, pH 5.5 at 37°C with a 5-min pre-equilibrium time. All enzymatic reactions were carried out at 37°C.
Substrate hydrolysis and K m . The substrate hydrolysis was analyzed by spectroscopy and defined as the decrease of the average absorbance between 284-324 nm [47, 48] . Pre-equilibrated enzyme was mixed with substrate at least six different concentrations (μM). The initial cleavage velocities (AU/sec) of these reactions were immediately measured on a Cary 50 Bio UV-Visible spectrophotometer. The initial cleavage rates (M/sec) were converted from the observed velocities (AU/sec) by dividing the observed velocities by the total absorbance changes upon complete enzymatic digestion of the substrate of known concentrations (i.e., AU/M). The V max and K m were determined from the converted initial rates (v) and corresponding substrate concentrations ( ) was calculated from the equation:
Dissociation constants (K i ). Dissociation constants were determined as previously described [42] . Briefly, for tight-binding (K i = 50 pM-10 nM) competitive inhibition, K i was determined by fitting the initial cleavage velocities (v) and inhibitor concentrations ([I]) into the following equation [52] using the Enzfitter1.05 program (BioSoft, Cambridge, UK):
where 
under the single substrate-single inhibitor (competitive) option of the enzyme kinetic module 1.0 of SigmaPlot 2000.
Subsite preferences
Combinatorial peptide library. Two sets of combinatorial chemistry-based peptide libraries, which were designed based on previous substrate specificity studies of aspartic proteinases [44, 53, 54] , were used to investigate the S3 -S3' subsite preferences of PbPM4. The P1 combinatorial library is comprised of octa-peptides of the sequence Lys-Pro-Xaa-Glu-P1
Ã NphXaa-Leu (Nph = para-nitrophenylanaline, and Ã represents the peptide bond where aspartic proteinase digestion occurs). This library contains 19 peptide pools, each of which is named after the amino acid residue at the P1 position. The 19 residues at P1 include 18 natural amino acids, omitting methionine and cysteine, and norleucine. Within each pool, a mixture of these 19 amino acids (Xaa) is incorporated in both the P3 and P2' positions, which results in a total of 361 peptide species (19 × 19) for an individual pool, and 6859 for the whole library (19 × 19 ×19). The P1' combinatorial library is similarly designed except that peptides have the sequence Lys-Pro-Ile-Xaa-Nph Ã P1'-Gln-Xaa, and therefore each pool is named after the residue at P1' and the mixture of those 19 amino acids (Xaa) is accommodated at P2 and P3'. The P1 and P1' library synthesis has been described in detail previously [41] . Primary subsite preferences-spectroscopic assays. The primary subsite preferences of PbPM4 at the S1 and S1' positions were determined by analyzing the initial cleavage velocities of peptide pools. Detailed experimental procedures were described previously [42] . Briefly, each of the 19 lyophilized peptide pools was dissolved in filtered distilled deionized water to make 1.25 mM stock solutions, which were then filtered through 0.45 μm Costar cellulose acetate tube filters by centrifugation at 20,000 g at room temperature for 5 min to remove any undissolved material. Meanwhile, 1 μM of the semi-proPbPM4 was incubated in 100 mM sodium citrate, pH 5.0, at 37°C for 5 min to convert to mature enzyme. This enzyme preparation was then mixed with peptide substrates. The initial cleavage velocities on 100 μM of peptide pools were measured at 37°C using a Cary 50 Bio UV-Visible spectrophotometer, and were then normalized to the highest velocity among the 19 pools, which was set to 100 percent. Experiments were performed three times, from which the mean values and SEM were determined.
Secondary subsite preferences-liquid chromatography/mass spectrometry. The secondary subsite preferences of PbPM4 at the S3, S2, S2' and S3' sites were determined by measuring the relative abundance of penta-and tri-peptides produced from proteinase digestion. The three peptide pools from each library that showed the highest cleavage velocities were chosen to study secondary subsite preferences at S3, S2, S2' and S3'. The complete digestion process of 100 μM of each selected P1 or P1' library pool was monitored on a Cary 50 Bio UV-Visible spectrophotometer, from which the total alterations in the average absorbance between 284-324 nm were calculated. The time for enzymatic digestion allowing only 5-10% of substrate hydrolysis, i.e., the linear phase of a kinetic reaction, was thus determined. These times were used to perform hydrolysis of the selected peptide pools. The enzymatic reactions were quenched by addition of 1% (v/v) of 14 M ammonium hydroxide to raise pH greater than 8.0, and the digested peptides were subject to liquid chromatography/mass spectrometry (LC/MS) analysis.
The approaches for in-line LC/MS isolation, identification and quantification of peptide products were previously described in detail [42] . Briefly, individual peptides were isolated via capillary reverse phase high performance liquid chromatography using a self-packed 20 cm × 75 μm i.d. Alltima C18 reverse phase column (particle size: 5μm) (Alltech Associates, Deerfield, IL) in combination with an Ultimate Capillary HPLC system (LC Packings, San Francisco, CA) operated at a flow rate of 200 nL/min. In-line MS analyses of the column eluate were performed using a Thermo-Finnigan LCQ Deca quadrupole ion trap mass spectrometer (Thermo Electron Corp, San Jose, CA) under the electrospray ionization mode (ESI) with the following technical parameters: sheath gas (N2) = 0, aux gas (N2) = 0, spray voltage = 2 kV, capillary temperature = 175°C, capillary voltage = 33 V and tube lens offset = 20 V. Peptide quantity was determined by integrating the area under the curve of [M+H] + and [M+2H]
2+ ions for the penta-peptide cleavage products, and that of [M+H] + ions for the tri-peptide products via the Qual Browser program of the X-Calibur 1.3 software package (Applied Biosystems, Foster City, CA). For each peptide pool, the LC/MS analysis was repeated three to four times, from which the average relative abundances and SEM were calculated. The favored residues at P3, P2, P2' and P3' are those whose residing penta-or tri-peptides are the most abundant.
Peptidomimetic inhibitor design and inhibition analyses
Inhibitor design. For the design of the combinatorial chemistry inhibitor of PbPM4, we selected the P1 and P1' amino acid substitutes based on two factors and one observation: factor 1 -the initial velocity of PbPM4-catalyzed cleavage of each octa-peptide pool, factor 2 -the difference between the initial velocity of PbPM4-catalyzed cleavage of a peptide pool and the velocity of hcatD-catalyzed cleavage of that pool, and an observation that auto-maturation of PbPM4 zymogen occurs in the pro-segment where bulky hydrophobic residues are accommodated at the S1 subsite, and hydrophobic or positively charged, but not negatively charged residues are accommodated at the S1' subsite.
To select the P3 and P2' amino acid substitutes, we analyzed the cleavage products from PbPM4-and hcatD-catalyzed digestion of the P1-phenylalanine pool, the most favored by hcatD (Tables A and G in S1 File), based on two factors: 1) the relative abundance of each peptide product from PbPM4-catalyzed cleavage of the pool, and 2) the difference between the relative abundance of each peptide product from PbPM4-catalyzed cleavage of the pool and that from hcatD-catalyzed cleavage. The same approach was used to select the P2 and P3' amino acid substitutes except that the cleavage products from PbPM4-and hcatD-catalyzed digestion of the P1'-phenylalanine pool, the most favored by hcatD (Tables B and H in S1 File), were analyzed.
To help better understand the rationale for compound design, the original data showing primary and secondary subsite preferences of PbPM4 and hcatD (Tables A-F in S1 File) were reported.
A compound (compound 1) comprised of such selected residues was synthesized with the scissile peptide bond between P1 and P1' modified as a non-cleavable methyleneamino [-CH 2 -NH-].
Recombinant plasmepsins and hcatD preparation. Besides PbPM4, the cloning, expression and purification of recombinant human FV plasmepsins, including PfPM1, 2 and 4, PoPM4, PvPM4 and PmPM4, and hcatD were performed according to experimental procedures described in previous reports [42] [43] [44] [55] [56] [57] . Briefly, genes encoding N-terminally truncated semi-pro-enzymes were cloned from genomic DNA, or intra-erythrocyte stage cDNA library of Plasmodium spp. (e.g., in the case of PfPM1), and inserted to pET expression vectors (EMD Millipore). Protein expression, inclusion body preparation and in vitro protein refolding were performed as described above for PbPM4. Proteins were purified using anion exchange chromatography. Purified enzymes were subject to active site titration using pepstatin A, and were found to be 100% active.
Inhibition analyses. The enzymes were prepared for kinetic assays: purified proPbPM4 was pre-incubated in 100 mM sodium citrate, pH 5.0, at 37°C for 5 min; purified mature PfPM1 was pre-incubated in 100 mM sodium citrate, pH 5.5, at 37°C for 3 min; all the other plasmepsins were pre-incubated in 100 mM sodium formate, pH 4.5, at 37°C for 5 min to convert zymogen to mature enzyme before the addition of substrates [43, 44, 47] . Pre-incubation of hcatD was carried out in 200 mM sodium formate, pH 3.7, at 37°C for 5 min. Compound 1 was dissolved in 100% DMSO, and filtered through a 0.45 μm Costar cellulose acetate tube filter by centrifugation at 20,000 g, room temperature for 5 min to remove any particulate. The concentration of compound 1 was determined by amino acid analysis. Dissociation constants (Ki) were determined as described above.
Results

Expression, in vitro refolding, and purification
The semi-proPbPM4 was recombinantly expressed in E. coli, and isolated as inclusion bodies. These insoluble materials were denatured, refolded in vitro, and purified. Representative SDS-PAGE analysis revealed PbPM4 zymogen at each step of expression and purification (Fig  1) . The average yield of inclusion bodies was approximately 15% of the total cell mass, indicative of over-expression (Table 1) . Approximately 1.7% (w/w) of the recombinant protein initially exposed to denaturant was ultimately purified by size exclusion chromatography as monomeric pro-enzyme bearing catalytic activity (Fig 2; Table 1 ).
Enzymatic characterization
Auto-maturation. Known FV plasmepsins are capable of conducting auto-maturation in vitro to convert zymogens to mature enzymes [59] [60] [61] [62] . Here, auto-maturation of the semiproPbPM4 was studied at acidic pH 4.5-6.0. Auto-maturation was fully conducted at pH 4.5 and pH 5.0 with an incubation time of 5 min (Fig 3A and 3B) . Auto-maturation of the pro-segment at pH 5.5, however, was remarkably delayed such that mature PbPM4 can only be appreciably detected after 2 hr incubation ( Fig 3C) ; whereas enzyme maturation at pH 6.0 was completely halted for at least 12 hr (Fig 3D) . In addition, incubation of semi-proPbPM4 in buffers of pH 3.5 and pH 4.0 resulted in a quick, non-specific degradation process within minutes. These observations suggest that auto-maturation of the recombinant semi-proPbPM4 is a pH-sensitive, time-dependent process. N-terminal protein sequencing analyses revealed that the cleavage site of the final products converted at pH 4.5, 5.0 and 5.5 was exclusively between Leu117p and Leu118p, implying an enzyme-mediated activation of semi-proPbPM4.
Catalysis optimization. The catalytic activities of PbPM4 at pH 3.5-6.0 were assessed in a time course assay. The conditions for the enzyme to show highest catalytic activity were determined to be at pH 5.0 and pH 5.5 with a 5 min pre-incubation (Fig 4) . In addition, a majority (75-90%) of the maximal catalytic activity was maintained within 30 min pre-incubation under such pH conditions. Interestingly, while semi-proPbPM4 was largely unprocessed within 2 hr pre-incubation at pH 5.5, exposure at this pH allowed zymogen to gain enzymatic activity despite the presence of the pro-segment ( Figs 3C and 4) . Overall, the optimal catalytic condition is 5 min pre-incubation at 37°C in 100 mM sodium citrate, pH 5.0 for mature PbPM4, and pH 5.5 for PbPM4 zymogen.
Kinetic analysis. We first determined the Michaelis constant (K m ), catalytic constant (k cat ) and catalytic efficiency (k cat /K m ) of PbPM4 using two chromogenic peptide substrates, Weights were directly measured using a balance after centrifugation. c Weights were directly measured using a balance after purification. , a theoretical value calculated from the sequence of semi-proPbPM4 using ProtParam [58] which have been used previously to study catalysis of pepsin-like aspartic proteinases [54] . Compared to other FV plasmepsin orthologs of human malaria parasites [44, 56] , mature PbPM4 showed similar kinetic profiles on digestion of such substrates (Table 2) .
Unlike other FV plasmepsin orthologs of human malaria parasites, PbPM4 showed enzymatic activity in the presence of the semi-pro-segment. To understand whether semiproPbPM4 shared similar kinetics of peptide cleavage with the mature enzyme, we monitored zymogen-catalyzed hydrolysis of the two substrates at its optimal catalytic condition. We showed that for semi-proPbPM4, the K m values were much lower than the mature enzyme (<5 μM vs. >100 μM) such that the k cat values were unable to be accurately determined.
The inhibition of two competitive compounds, pepstatin A and Ro40-4388, against mature PbPM4 was assessed (Table 3 ). Similar to the FV plasmepsin orthologs of human malaria parasites [39, 40, 56, 63] , PbPM4 was strongly inhibited in sub-nanomolar magnitude by pepstatin A, a tight-binding inhibitor of the pepsin-like aspartic proteinases. Ro40-4388, a peptidomimetic inhibitor highly selective to PfPM1 [40] , inhibited PbPM4 in the nanomolar range, comparable with its inhibition of PfPM2 and PfPM4 [63, 64] . Catalytic activity and concentration of total protein contained in fractions 36-67 were measured and plotted against the fraction numbers. The early eluted protein, whose concentration was peaked at fraction 42, showed no apparent catalytic activity; in contrast, the later eluted protein had the concentration and catalytic activity peaks overlapped at fractions 52-53, which was similar to the elution pattern of a globular protein of 44 kDa. Protein in fraction 53 was subject to SDS-PAGE analysis and was revealed as a single band migrating at~43 kDa (Fig 1, lane 6) , indicating that the peak comprised of fractions 51-55 contains monomeric semi-proPbPM4. The elution patterns of globular proteins serving as standard were marked above the chromatogram. Concentrations and catalytic activities of the fractions 1-35 and >67 were also tested, but no peaks were detected. AU = arbitrary unit. Void = void volume. doi:10.1371/journal.pone.0141758.g002
Subsite preferences
Primary subsite preferences. For the P1 library, phenylalanine was the most favorite amino acid substitute (Fig 5A) . Two aliphatic residues, leucine and norleucine, were the second best substitutes in that the hydrolysis rates of the leucine and norleucine pools were 34% and 42% of that of the phenylalanine pool, respectively. In addition, no levels of hydrolysis were also detected for peptide pools containing four other P1 amino acid substitutes, asparagine (25%), glutamine (20%), tyrosine (18%) and tryptophan (17%). Hydrolyzed peptide products from the other 12 peptide pools, however, were barely detected.
The optimal P1' amino acid substitutes were hydrophobic residues with norleucine the best (Fig 5B) . Peptide pools containing the other aromatic or aliphatic P1' substitutes, except for tryptophan, all had more than 70% of the hydrolysis rate of the P1' norleucine pool. Notably, the initial rates of the peptide pools decreased as the size of their P1' amino acid side chains reduced from leucine to glycine or expanded to tryptophan, which was possibly due to insufficient interactions or steric hindrance with residues at the S1' subsite. In addition, similar to the results from the P1 library, PbPM4 did not exhibit remarkable hydrolysis on the peptide pools containing most of the polar and charged P1' residues.
Secondary subsite preferences. The best P1 and P1' pools (i.e., the phenylalanine, norleucine and leucine pools for the P1 library; and the norleucine, tyrosine and phenylalanine pools for the P1' library) were subject to LC/MS analysis.
For the S3 subsite, large hydrophobic residues were the favored in the P1-phenylalanine pool: digested penta-peptides containing phenylalanine, leucine, norleucine and isoleucine at P3 were the most abundant (Fig 6A) , which was similar to the results for the P1-leucine and P1-norleucine pools (Fig 6B and 6C) . P3-tryptophan was preferred in the phenylalanine and leucine pools, but not the P1-norleucine pool; whereas the P3-tyrosine-containing penta-peptides were only in high relative abundance in the phenylalanine pool. In contrast, polar and Subsequently, enzyme-catalyzed initial hydrolysis rates of a chromogenic substrate were measured and normalized to the maximal initial velocity, which was set to 100 percent. doi:10.1371/journal.pone.0141758.g004 Table 2 . Kinetic analyses of the cleavage of PbPM4 on chromogenic peptide substrates.
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K-P-I-Q-F*Nph-R-L § 24.5 ± 1. charged amino acids, except for glutamic acid, were unanimously unfavored at P3 in all three tested pools. While subsite S3 highly favored accommodation of hydrophobic residues, the S2 subsite was tolerant of P2 amino acids of different properties (Fig 7) . For the P1'-norleucine pool, most of the substitutes led to at least 20% of the maximum abundance, except for the three Table 3 . Kinetic analyses of the inhibition of PbPM4. library pools were determined spectroscopically and normalized to the highest cleavage velocities, which were set to 100 percent. Phenylalanine, leucine, and norleucine were the three most favored amino acid substitutes at P1; whereas norleucine, tyrosine, and phenylalanine were the three most favored at P1'.
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Characterization of Plasmepsin 4 of Plasmodium berghei basic residues, lysine, histidine, and arginine. Glutamic acid was best accommodated at S2, followed by isoleucine and serine. Similar results were found in the P1'-tyrosine and P1'-phenylalanine pools. Similarly, P2' amino acid substitutes of varied properties were well accommodated in the S2' subsite (Fig 8) . For the P1-pheylalanine and P1-norleucine pools, serine and glutamine were the two most favored; whereas for the P1-leucine pool, tryptophan was best accommodated. Hydrophobic amino acids other than proline and hydrophilic ones, such as threonine and glutamic acid, were accommodated equally well at S2'. However, charged amino acids, such as aspartic acid, lysine, histidine, and arginine, were not favored.
PbPM4 showed high selectivity to the P3' substitutes in that only the aromatic residues tryptophan and phenylalanine were well accepted in the P1'-norleucine pool, and peptide cleavage products containing other P3' amino acid substitutes were barely detected (Fig 9A) . Similar results were also found in the P1'-phenylalanine and P1'-tyrosine pools (Fig 9B and 9C ).
Inhibition analysis
Compound 1 (KPYEFCRQF, where C = -CH2-NH-) was designed as a selective inhibitor of PbPM4 versus hcatD based on findings of the subsite preference study and the rationale described in the peptidomimetic inhibitor design and inhibition analyses section of Materials and Methods. Similarly, compounds 2-7 were designed as selective inhibitors of PfPM1, PfPM2, PfPM4, PvPM4, PoPM4 and PmPM4, respectively. As an example, the original data showing primary and secondary subsite preferences of PoPM4 and hcatD (Tables G-L in S1 File) were reported to help better understand the rationale for the design of compound 6. The dissociation constants (K i ) of compounds 1-7 were determined for PbPM4 (Table 4) . Meanwhile, the K i values of the newly developed compound 1 on six FV plasmepsins of human malaria parasites and hcatD were determined.
Compounds 1-7 showed a wide range of inhibition of PbPM4, with K i values from picomolar to micromolar in magnitude. Compound 1 selectively inhibited PbPM4 by a factor of more than 10-fold over hcatD and showed a binding affinity in the micromolar range. Compound 6, however, bound tightly to PbPM4 in sub-nanomolar magnitude, and showed more than 70-fold selectivity against hcatD, and therefore is the most selective peptidomimetic inhibitor of PbPM4.
Interestingly, compound 1, designed as a selective inhibitor of PbPM4, exhibited higher binding affinities to the plasmepsin 4 orthologs than to PfPM1, PfPM2 and hcatD. Also, most of the K i values for PbPM4 were in the same order of magnitude as those of its plasmepsin 4 orthologs from human malaria parasites. These observations indicate that plasmepsins 4 orthologs might share similar active site structures.
Discussion
In this study, we reported the cloning, expression and enzymatic characterization of a recombinant form of the FV plasmepsin 4 from the rodent malaria parasite P. berghei. We showed that PbPM4 is catalytically active even in the presence of the pro-segment. For the mature enzyme, we determined optimal catalytic conditions, studied the interaction with generic substrates, and assayed inhibitors of pepsin-like aspartic proteinases. We then employed combinatorial peptide libraries to explore the subsite preferences of PbPM4 and developed a peptidomimetic inhibitor, which, upon inhibition analysis, showed micromolar binding affinity to PbPM4 and more than 10-fold selectivity to PbPM4 over hcatD. Findings of our study provide knowledge on the active site preferences of PbPM4 and plasmepsin inhibitor design. Secondary subsite preferences of PbPM4 at S3. The three most favored peptide pools, P1-phenylalanine (A), P1-leucine (B) and P1-norleucine (C), were used for analyzing the S3 subsite preferences of PbPM4. The relative abundances of penta-peptides varying at P3 were determined using inline LC/MS, and normalized to the quantity of the most abundant cleavage product, which was set to 100 percent. The peptide abundances were plotted against the P3 amino acid substitutes. doi:10.1371/journal.pone.0141758.g006 Secondary subsite preferences of PbPM4 at S2. The three most favored peptide pools, P1-norleucine (A), P1-tyrosine (B) and P1-phenylalanine (C), were used for analyzing the S2 subsite preferences of PbPM4. The relative abundances of penta-peptides varying at P2 were determined using inline LC/MS, and normalized to the quantity of the most abundant cleavage product, which was set to 100 percent. The peptide abundances were plotted against the P2 amino acid substitutes. doi:10.1371/journal.pone.0141758.g007 The three most favored peptide pools, P1-phenylalanine (A), P1-leucine (B) and P1-norleucine (C), were used for analyzing the S2' subsite preferences of PbPM4. The relative abundances of tri-peptides varying at P2' were determined using in-line LC/MS, and normalized to the quantity of the most abundant cleavage product, which was set to 100 percent. The peptide abundances were plotted against the P2' amino acid substitutes. doi:10.1371/journal.pone.0141758.g008 Secondary subsite preferences of PbPM4 at S3'. The three most favored peptide pools, P1-norleucine (A), P1-tyrosine (B) and P1-phenylalanine (C), were used for analyzing the S3' subsite preferences of PbPM4. The relative abundances of tri-peptides varying at P3' were determined using in-line LC/MS, and normalized to the quantity of the most abundant cleavage product, which was set to 100 percent. The peptide abundances were plotted against the P3' amino acid substitutes. The recombinant semi-proPbPM4 is able to perform catalysis in the presence of the N-terminal pro-segment. This enzymatic activity has not been shown in any other FV plasmepsin studied so far. As for the non-FV plasmepsins, Xiao et al. reported that plasmepsin 5 (PfPM5) of P. falciparum, a membrane protein involving in exporting effector proteins of parasite to human red blood cells [26, 27] , shows a similar phenomenon [65] . Also, a similar finding has been reported in renin, an aspartic proteinase playing essential roles in the regulation of blood pressure and electrolyte balance: inactive renin zymogen gains full catalytic activity without pro-segment processing due to a potential conformational change when dialyzed against acidic buffer of pH 3.3 at 10°C [66] . However, unlike the cases of PfPM5 and renin, where the nonproteolytically activated zymogen kinetically resembles the mature enzyme [65, 66] , PbPM4, in the presence of the truncated pro-segment, has K m values of peptide substrates two orders of magnitude greater than those for the converted mature enzyme. This may be due to the competitive binding of the N-terminal flexible segment to the active site cleft, or because the presence of the pro-segment leads the active site cleft to conformations that do not allow proper accommodation of substrates, as in the case of semi-proPfPM2 [67] . Another aspartic proteinase that shares this feature is β-secretase (BACE), where the pro-segment does not suppress enzyme activity but appears to facilitate proper folding of the active proteinase domain [68] .
Our findings do not agree with a previous report showing that the recombinant wild-type proPbPM4 was unable to conduct auto-maturation to gain catalytic activity [69] . This controversy may arise from different refolding and/or purification approaches employed. In particular, we found that refolded protein prior to size exclusion chromatography purification was catalytically active, but was unable to perform auto-maturation; however, when separated from a majority of misfolded protein, which showed neither auto-maturation nor activity, the rest gained auto-maturation capability while maintaining catalytic activity (Figs 2-4) . Therefore, it seems that the misfolded protein masks the authentic auto-maturation of wild-type proPbPM4.
The naturally-occurring form of mature PfPM2 has been recombinantly expressed in E. coli, refolded and purified. The resulting enzyme exhibits comparable catalytic efficiency (k cat /K m ) to the in vitro auto-matured product of PfPM2 zymogen, which still retains 14 extra residues from its N-terminal pro-segment [70] . To understand whether catalytically active, recombinant mature PbPM4 can be obtained without the presence of the pro-segment, we cloned the sequence encoding solely the C-terminal 326 amino acid residues. Expression of the protein in E. coli failed as no detec level of PbPM4 was obtained, possibly due to intra-and/or intermolecular degradation of the refolded mature enzyme. This may indicate that the N-terminal pro-segment of PbPM4 plays a critical role in stabilizing the mature enzyme in addition to guiding proper folding.
The subsite preferences of PbPM4 are compared with those of other plasmepsins (PfPM1, PfPM2, PfPM4, PvPM4, PoPM4 and PmPM4) and human aspartic proteinase homologs (pepsin A and cathepsins D and E) from previous studies using the same libraries [41, 42, 71] .
The primary subsite preferences of PbPM4 reveal high consistency with those of the other enzymes: the S1 subsites in nine of the ten enzymes accommodate phenylalanine best; the S1' subsites also favor bulky hydrophobic side chains, though the optimal substitutes are shared by five distinct amino acids-phenylalanine, leucine, tyrosine, isoleucine, and norleucine. This is not surprising, since residues comprised of these two subsites are highly conserved among these proteinases (Table M in S1 File).
Hydrophobic amino acids are consistently favored at the S3 and S3' subsites among the ten aspartic proteinases investigated. In the P3 position, the best substitutes for all tested enzymes are restricted to the three aliphatic residues, isoleucine, leucine, and norleucine, and the three aromatic residues, tyrosine, phenylalanine, and tryptophan; and similar findings are observed in the P3' position. Residues comprising the S3 subsite are generally not conserved among FV plasmepsins and human aspartic proteinase homologs, except Phe117, which may play a critical role in interacting with side chains of the P3 amino acids. Unlike the other nine proteinases, PbPM4 employs three serine residues to constitute half the S3 subsite. Understanding how hydrophobic amino acids are accommodated in such a polar residue-enriched pocket will require future structural studies. As for the residue composition of the S3' subsite, plasmepsin 4 orthologs share identical residues, which are quite distinct from the three human orthologs as well as PfPM1 and PfPM2. Despite the different composition, all the ten enzymes share a similar amino acid preference profile. Notably, P3-tyrosine and P3-phenylalanine are comparably favored in all tested enzymes except for PbPM4, where P3-phenylalanine (99%) is overwhelmingly preferred over P3-tyrosine (3%).
Unlike the strong preferences exhibited in the S3 and S3' subsites, the amino acids that are favored specificities at S2 and S2' are more widespread in nature. For example, charged amino acids such as P2-glutamic acid, and polar amino acids such as P2'-serine and P2'-glutamine, are well accepted by both the human enzyme and the plasmepsins. Residues comprising the S2 subsites are well conserved among these enzymes, especially among the plasmepsin 4 orthologs. As a result, the three best amino acid substitutes for the P2 position of the plasmepsin 4 enzymes are consistently glutamic acid, isoleucine, and serine; indeed, P2-isoleucine and P2-serine are overall the most favored among the ten studied enzymes. In contrast, residues comprising the S2' subsites, particularly residue 74, are poorly conserved among the ten enzymes. The results indicate that human aspartic proteinases prefer accepting hydrophobic amino acids, whereas glutamine is readily accepted by most plasmepsins.
It is striking to see that compound 1, a composition of the amino acids that are favored by PbPM4 over hcatD, exhibits a decent selection of the target enzyme over the human counterpart; after all, numerous enzymes including plasmepsins [72] [73] [74] [75] , upon substrate or inhibitor binding, adopt the "induced-fit" [76] or "conformational ensembles", [77] rather than the "lock-and-key" mechanism [78] . Nonetheless, compound 6, a PoPM4 inhibitor designed to be specific over hcatD, turns out to be the one binding more strongly to, and with a higher selectivity to PbPM4 over the human enzyme, indicating a coordinative effect of varied functional groups within a compound on determining its enzyme-binding properties.
Though pepstatin A and Ro40-4388 inhibit growth of P. falciparum and tightly bind multiple FV plasmepsins of human malaria parasites, they are not selective plasmepsin inhibitors [40, 63, 79, 80] . For the past 25 years, various types of peptidomimetic, non-peptidic and bifunctional compounds have been screened for possible inhibitors targeting FV plasmepsins based on criteria such as inhibition potency to plasmepsins, binding selectivity to plasmepsins over their human proteinase homologs, growth inhibition of cultured malaria parasites and cytotoxicity to mammalian cell culture [80] [81] [82] . Aside from this study, there were other investigations in which the inhibition of compounds was analyzed on multiple FV plasmepsins. For example, Nöteberg and colleagues showed that certain hydroxyethylamine derivatives inhibit PfPM1, 2 and 4 in nanomolar magnitude, have a >30-fold binding selectivity over hcatD and block growth of cultured P. falciparum with IC 50 values in the low micromolar range [81, 83, 84] . Nezami and colleagues found that several allophenylnorstatine-based compounds inhibit all four FV plasmepsins of P. falciparum in nanomolar magnitude and block parasite growth with IC 50 values also in the low micromolar range [81, 85, 86] . These compounds were later modified with the TD 50 (cytotoxicity) improved to be in the high micromolar range to rat skeletal myoblasts [87] . In addition, Skinner-Adams, Hobbs and colleagues reported that clinically utilized human immunodeficiency virus (HIV) protease inhibitors exhibit anti-malarial activity on parasites at both erythrocytic and pre-erythrocytic stages [88] [89] [90] and inhibit PfPM2 and PfPM4 [91] . Interestingly, using affinity binding probes coupled to an FV plasmepsin inhibitor library, Liu et al. identified a hydroxyethyl-based inhibitor that inhibits all four FV plasmepsins and the growth of cultured P. falciparum with IC 50 at~1 μM [92] .
Despite all the efforts on drug development, the role of FV plasmepsins in malaria pathogenesis is still not fully understood. Genetic ablation of all four FV plasmepsin genes leads to a decreased growth rate and abnormal FV structures of cultured P. falciparum, which nonetheless survive [93] . These findings suggest that the function of FV plasmepsins may be dispensable. If so, what are the molecular targets of those FV plasmepsin inhibitors that show antimalarial activity? Independent studies from different laboratories showed a comparable growth sensitivity between the parent line and FV plasmepsin-KO mutants in the presence of inhibitors such as pepstatin A, Ro40-4388, HIV protease inhibitors, hydroxyethylamine-based inhibitors, 1,2-dihydroxyethylene derivatives and diphenylurea compounds [79, [93] [94] [95] , thus suggesting that the FV plasmepsins are not the primary targets for these tested compounds to exhibit anti-malarial activity. Instead, a growing body of evidence has indicated that non-FV plasmepsins, such as plasmepsins 5 and 10 may be the primary targets of certain aspartic proteinase inhibitors. For example, over-expression or knockdown of PfPM5 affects parasite sensitivity to a transition-state peptidomimetic inhibitor [96] and over-expression of PfPM10, a protein with unknown function, decreases the inhibition potency of a diphenylurea-derived compound to the growth of cultured parasite [79] .
Selective inhibitors of plasmepsin 5 versus human aspartic proteinase homologs have been developed and shown inhibition potency to parasite growth [97] . However, the specificity of these compounds and their possible inhibition of FV plasmepsins are not yet known. It is also unclear whether FV plasmepsins are also targeted inside the parasite by these plasmepsin 5 inhibitors, and if so, how inhibition of FV plasmepsins contributes to the overall anti-malarial effects. These questions need to be addressed in future development of anti-malarial drugs targeting plasmepsins.
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